We have studied in-gap states in epitaxial CoFe 2 O 4 (111), which potentially acts as a perfect spin filter, grown on a Al 2 O 3 (111)/Si(111) structure by using ellipsometry, Fe L 2,3 -edge x-ray absorption spectroscopy (XAS), and Fe L 2,3 -edge resonant inelastic x-ray scattering (RIXS), and revealed the relation between the in-gap states and chemical defects due to the Fe 2+ cations at the octahedral sites (Fe 2+ (O h ) cations). The ellipsometry measurements showed the indirect band gap of 1.24 eV for the CoFe 2 O 4 layer and the Fe L 2,3 -edge XAS confirmed the characteristic photon energy for the preferential excitation of the Fe 2+ (O h ) cations. In the Fe L 3 -edge RIXS spectra, a band-gap excitation
and an excitation whose energy is smaller than the band-gap energy (E g = 1.24 eV) of CoF 2 O 4 , which we refer to as "below-band-gap excitation (BBGE)" hereafter, were observed. The intensity of the BBGE was strengthened at the preferential excitation energy of the Fe 2+ (O h ) cations. In addition, the intensity of the BBGE was significantly increased when the thickness of the CoFe 2 O 4 layer was decreased from 11 to 1.4 nm, which coincides with the increase in the site occupancy of the Fe 2+ (O h ) cations with decreasing the thickness. These results indicate that the BBGE comes from the in-gap states of the Fe 2+ (O h ) cations whose density increases near the heterointerface on the bottom Al 2 O 3 layer. We have demonstrated that RIXS measurements and analyses in combination with ellipsometry and XAS are effective to provide an insight into in-gap states in thin-film oxide heterostructures.
I. Introduction
Spin filtering is the spin-dependent electron tunneling through an insulating film having a spinsplitting between the oppositely spin-polarized lower and higher conduction bands. It has generated much attention since it is very useful for the injector and extractor in spintronic devices utilizing the transport of spin-polarized electrons. 1,2 Among insulator films working as spin filters, the ideal inverse spinel ferrite CoFe 2 O 4 with the Curie temperature T C of 793 K is promising since its large spin splitting energy (~1 eV) between the lower down-spin and higher up-spin conduction bands potentially causes completely spin-selective electron tunneling at room temperature, namely, the spin-filter effect with 100% efficiency. 3- 6 On the other hand, the efficiency of the spin-filter effect was estimated to be less than 4% at room temperature in the past experimental studies on the spin-dependent electron transport through a ferromagnetic multilayer with a thin-film CoFe 2 O 4 tunnel barrier. 1,2,7, 8 These results are thought to be related to imperfection of the CoFe 2 O 4 tunnel barriers, which leads to the degradation of the magnetic properties and the formation of unwanted in-gap states with opposite polarity to that of the lower down-spin conduction band. 8 However, since electrical measurements cannot clarify the origins, which are related to the electronic structure of CoFe 2 O 4 tunnel barriers, comprehensive studies on the crystalline structure, electronic structure, and magnetic properties are strongly required. 4 , where y is the inverse-to-normal ratio called "the inversion parameter" and the valences of Fe and Co cations are assumed to be +3 and +2, respectively. Using this definition, y = 1 and 0 represent the inverse and normal spinel structures, respectively, and 0 < y < 1 represents the coexistence of the inverse and normal spinel structures by antisites between Co and Fe cations in partial regions. From first-principles calculations of the inverse spinel structure (y = 1), 5,6 the lower down-spin conduction band is composed of the 3d (t 2g ) states of Fe cations at the O h sites, whereas the higher up-spin conduction band is composed of the 3d (e) states of Fe cations at the T d sites, as schematically shown in Fig. 1 
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(b). Hereafter, Fe (O h ) and Fe (T d ) (Co (O h ) and Co (T d ))
represent Fe (Co) cations at the O h and T d sites, respectively. Theoretically, the electronic band structure with y = 1 can develop the spin filter effect with 100% efficiency. 2 However, when 0 < y < 1, the electronic band structure becomes different from that for the inverse spinel structure, 5,6 and ingap states can be formed. 7,8 Moreover, even in the inverse spinel structure (y = 1), chemical defects arising from the change in the valences of the Fe (O h ), and Co (O h ) cations, such as Fe 2+ (O h ) and Co 3+ (O h ), will significantly affect the electronic structure. 7 In fact, the magnetization of CoFe 2 O 4 films, which is related to the electronic structure, was decreased more as the y value decreases from 1 due to the increase in the amounts of Fe 2+ (O h ) and Co 3+ (O h ) chemical defects. 9-11
Besides the structural and chemical defects described above, experimental studies on inverse spinel ferrite layers, such as Ni 1-x Co x Fe 2 O 4 (x = 0-1) and Fe 3 O 4 , formed on different materials have revealed that these layers also contain other structural defects; antiphase boundaries (APBs) and disappearance of T d sites (a non-ideal O h /T d site ratio) near the heterointerface with the bottom material. 9- 16 As the amounts of these structural defects increase with decreasing the thickness, the magnetization decreases. 9,14 Thus, these structural defects also lead to the degradation of the magnetic properties and the formation of unwanted in-gap states.
In the previous paper, 9 we quantitatively and systematically characterized the cation distribution and XMCD spectra were also analyzed in the same manner. The small discrepancy between the experimental and calculated spectra suggested the existence of low-spin-state Co cations and a nonideal T d /O h site ratio. The most important finding was that the y value is strongly related to the magnetic properties; both the magnetization and y value decrease with decreasing d CFO , and the magnetic ordering was paramagnetic due to the various complex networks of superexchange interaction at d CFO = 1.4 nm. All the results indicate that when d CFO is thin enough for electron tunneling (~3 nm), the electronic structure significantly changes from the ideal one. However, owing to the measurement principles of XAS and XMCD spectra, it was not clear whether the structural defects and/or chemical defects form the in-gap states in the electronic structure or not. Thus, further studies are needed by using other methods to directly characterize the in-gap states. layers were characterized by high-resolution transmission electron microscopy (TEM), x-ray diffraction (XRD), atomic force microscopy (AFM), low-energy electron diffraction (LEED), and reflective high-energy electron diffraction (RHEED). 9 The use of the same samples as in the previous study means that a major part of the electronic structure and magnetic properties, such as the correlation between the magnetic properties and occupancies of Fe and Co cations, have been already revealed, which allow us to focus on the in-gap states utilizing those previous results. 
II. Experiments and Results
A. Samples
B. Ellipsometry
where = 4πk/λ is the absorption coefficient as a function of ν and A is a proportionality constant. XAS and RIXS spectra at room temperature were measured using soft x-rays at the beamline BL17SU in the synchrotron radiation facility SPring-8. 42, 43 The energy resolution of monochromator was E/∆E > 10 000. The accuracy of the incident photon beam was estimated to be typically ±40 meV.
The total instrumental energy resolution for RIXS measurements at a photon energy of 710 eV was estimated to be 0.16 eV from the full width at half maximum of the elastic peak. XAS spectra were measured in the total fluorescence yield (TFY) mode. The incident angle of the photon beam to the sample surface was around 45° and the optical axis of the emission spectrometer was adjusted to perpendicular to the incident beam in the horizontal plane of the incidence. the energy-loss scale, where each spectrum was excited at the photon energy a-f in Fig. 3 . The spectra measured at a, b, c, and d are the Fe L 3 -edge RIXS spectra, whereas those measured at e and f are the Fe L 2 -edge RIXS spectra. In all the spectra, the peaked signal at 0 eV is the elastic peak without any energy loss. On the other hand, in the Fe L 3 -edge RIXS spectra, three peaks indicated by solid lines are inelastic peaks whose energy positions are the same in all the spectra. This confirms that these peaks come from CT or d-d transitions. By contrast, in the Fe L 2 -edge RIXS spectra, three peaks indicated by dotted lines shift by the same amount toward higher photon energy when the excitation photon energy is increased from e to f. 46 Thus, those three peaks are fluorescence peaks. In this study, the Fe L 2 -edge RIXS spectra are not analyzed since the fluorescence peaks are not directly related to the band-gap excitation and the BBGE. 47 Figure 5 (a) shows the Fe L 3 -edge RIXS spectra for the CoFe 2 O 4 layer with d CFO = 11 nm, where red curves are the magnified experimental spectra in Fig. 4 and blue curves are the sum of black Lorentzian fitting functions with peaks at 0 eV (the elastic peak), 0.5 eV, 1.5 eV, and 3.0 eV (inelastic peaks). Hereafter, each Lorenzian peak is specified by the photon energy at the center value. The most intense inelastic peak at 1.5 eV was possibly due to the CT gap excitation since the peak position is near E g CFO = 1.24 eV. From the first principles study in ref. 5 , the down-spin Fe 3+ (O h ) 3d conduction band is composed of the 3d (t 2g ) states with the lowest energy and the 3d (e g ) states with a higher energies by 1-2 eV [ Fig. 1(b) ]. Following this electronic band structure, the peak at 3.0 eV was assigned to the excitations to the Fe 3+ (O h ) 3d (e g ) states above the band gap because the energy loss 3.0 eV is larger by 1.5 eV than that (1.5 eV) of the CT gap excitation. In other RIXS measurements for cuprates, 17-21 such CT gap excitation was also observed and thus our assignment is reasonable. On the other hand, it is notable that the peak intensity of the BBGE at 0.5 eV in the spectrum measured at the photon energy a is largest among those measured at the photon energies a-d. Since the excitations Fig. 5(a) , the experimental spectra are well reproduced by the four fitting functions in all the cases and the full-width at half-maximum of each Lorenzian function at 1.5 or 3.0 eV is almost unchanged at the same excitation photon energy when d CFO is changed from 11 to 1.4 nm.
Thus, the electronic structure is basically the same for d CFO = 11 and 1.4 nm. However, the peak intensities of the BBGEs at 0.5 eV in Fig. 5 (b) are drastically larger than those in Fig. 5(a) . For the photon energy a, when the peak intensity of the BBGE at 0.5 eV is normalized by that at 1.5 eV, the normalized peak intensity increases by a factor of 12.1 when d CFO is decreased from 11 to 1.4 nm.
Furthermore, the peak intensity of the BBGE at 0.5 eV is largest in the spectrum measured with the photon energy a among those measured with the photon energies a-d in Fig. 5(b) . As described earlier, the RIXS spectrum for the Fe 2+ (O h ) cations is preferentially excited by the photon energy a and the occupancy of the Fe 2+ (O h ) cations at d CFO = 1.4 nm is twice as large as that at d CFO = 11 nm. 9 Therefore, the peak at 0.5 eV comes from the in-gap states of the Fe 2+ (O h ) cations whose density increases near the heterointerface on the bottom Al 2 O 3 layer.
III. Discussion
By the analyses of the experimental results in Section II, it has been revealed that the in-gap states On the other hand, our previous paper 10 showed that the cation distribution and magnetic 
IV. Conclusion
We Fig. 3 and blue curves are the sum of black Lorentzian fitting functions with peaks at around 0 eV (the elastic peak), 0.5 eV, 1.5 eV, and 3.0 eV (inelastic peaks). All RIXS spectra are normalized at 1.5 eV for ease of comparison. The red curves in (a) are the magnified experimental spectra in Fig. 4 . 
